Abstract Background: The hip resurfacing concept was developed for young and active patients, especially for femoral bone stock preservation. However, concerns about metal-onmetal bearings with adverse reactions to metal debris have led to a drop off in hip-resurfacing procedures. Questions/Purposes: The goal of this review is to evaluate our current knowledge of survivorship of second-generation hip resurfacing devices and elaborate international perspectives for product improvement. Methods: A comprehensive literature search provided information on national joint arthroplasty registers worldwide with a minimum of 3000 reported hip resurfacings. It culminated in the analysis of six registers. Results: Long-term data showed that available hip resurfacing device survivorship ranged from 95 to 99.7% with 10 years of follow-up, in selected patient populations. The criteria for success were well known, male gender, good bone quality, head component size greater than 48 mm, and cup inclination less than 45°. On the other hand, the recent recall of some hip-resurfacing devices has resulted in huge medico-legal problems and has discredited all implants. It has brought about the recent evolution of hip resurfacing. Femoral fixation is now available for cemented and cementless surfaces. Bearings are still always metal-onmetal, but new types have come on board. Newer designs suggest that ceramic-on-ceramic, cross-linked polyethylene, and oxinium may be applied in this configuration. Conclusions: In 2015, the evolution of hip resurfacing is ongoing in terms of implant design, alternative bearings, and implant fixation with hopes of improving survivorship.
Introduction
The hip-resurfacing concept was first developed for young and active patients, particularly because of femoral bone stock preservation [19] . In recent years, a younger patient population is seeking hip replacement to restore high-impact lifestyles [8] . Hip resurfacing appeals to this younger patient demographic due to the theoretical benefits of femoral bone conservation, restoration of biomechanical hip parameters (leg length, femoral offset, etc.), low rate of dislocation, physiological femoral loading, reduced prevalence of thromboembolic phenomena, and the possibility of returning to sport activities, etc. [10, 17] .
Despite these theoretical advantages, hip resurfacing is still surrounded by controversy [2] . The first generation of devices was abandoned during the 1980s due to high wear rates that correlated directly with large-diameter heads in polyethylene bearings [1, 23] . The second generation was designed as metalon-metal bearings to reduce wear [5] , but the use of large femoral heads in resurfacing cups led to adverse reactions to metal debris (ARMD) with the occurrence of pseudo-tumors, aseptic lymphoctye-dominated vasculitis-associated lesions (ALVAL), metallosis, and so on [11] .
The present review evaluates current knowledge of the survivorship of second-generation metal-on-metal hipresurfacing devices and proposes international perspectives for needed improvements.
Methods
A comprehensive literature search of PubMed was undertaken to find national joint arthroplasty registries worldwide, using the key words Bhip resurfacing.^To reduce bias of this search for national registers, those without a minimum of 3000 reported hip resurfacings were discarded. This resulted in the analysis of five registries (Australian, Finnish, New Zealand, Canadian, and UK/Wales), the basis of the current review. Revision rates served as the main outcome parameter, but other revision risk factors, such as head component diameter, gender, and cup inclination, were also analyzed.
We propose potential benefits for use of hip resurfacing for the future including component fixation (cement or cementless), metal-on-metal bearing alternatives, and component design.
Results
The Australian register reported 266,645 primary hip arthroplasties (https://aoanjrr.dmac.adelaide.edu.au/en/annual-reports-2013). The revision rate at 10-year follow-up was 6.6% (95% CI 6.4-6.8) for conventional total hip arthroplasty (THA) and 8.8% (95% CI 7.9-9.0) for THA in under 55-year-old patients. The hip-resurfacing revision rates were 7.1% as opposed to 5.9% (95% CI 5.2-6.6) for components with a head diameter greater than or equal to 48 mm. This criterion highlighted the importance of head diameter. Clearly, smaller components were at greater risk of revision than larger ones.
Hip resurfacing component size was the main implant characteristic of all registers analyzed. In the Australian register, after adjusting for age and gender, the risk of revision for femoral components with head size less than 44 mm was more than five times greater than for femoral components larger than 55 mm. The revision risk with components ranging from 45 to 49 mm was three times greater than the revision risk of components larger than 55 mm. Component size was a major revision risk prognosticator and seemed even more important than gender ratio. On the other hand, the threshold below which resurfacing should be not considered was not clearly defined. To many authors, a minimum size of 48 mm should be the lower limit.
Currently, in Finland, 98% of primary hip arthroplasty implantations have been recorded (https://aoanjrr.dmac.adelaide.edu.au/ en/annual-reports-2013). Between 2001 and 2009, 48,409 primary hip arthroplasties and 4401 hip resurfacings were performed. This registry compared the revision risks of resurfacing after THA. Median follow-up time was 3.5 (0-9) years for resurfacing and 3.9 (0-9) years for THA. Hip resurfacing was found to have shortterm survivorship comparable to THA. Gender appeared to be a very important risk factor, as female patients had twice the risk of revision compared to males.
The Wales registry recorded 539,372 hip arthroplasties (http://www.njrcentre.org.uk/njrcentre/default.aspx). The revision rate at 9 years of follow-up was 6.7% (95% CI 6.4-7) for THA, 8.1% (7.4-8.8) for hip resurfacing (Birmingham Hip Resurfacing BHR © ), and 3.2% (CI 95% 2.6-3.9) for resurfacing with head diameter greater than 48 mm.
The New Zealand registry is based on 85,769 hip arthroplasties (http://www.nzoa.org.nz/nz-joint-registry). The revision rate/100 observation years was 0.71 (0.6-0.7) for THA, 1.2 (0.9-1.1) for THA in patients under 55 years old, 0.9 (0.6-1.2) for resurfacing (BHR © ), and 0.75 (0.5-1.1) for resurfacing with head diameter greater than 48 mm.
The Canadian registry was based on nine Canadian academic centres and reported 3 years of follow-up; 99.9% of 3432 hip-resurfacing patients experienced no implant failure attributed to metal wear debris [7] .
In all registers, implant design had a strong influence on revision rates. The ASR © (DePuy) component had higher revision risk than others. In the Australian registry (https:// aoanjrr.dmac.adelaide.edu.au/en/annual-reports-2013), the yearly cumulative percentage of revision of primary total hip-resurfacing replacement was 5.1% (4.6-6.6) for BHR . Another issue noticed in the Finnish register was procedure volume. Low hospital procedure volume worsened hipresurfacing outcome. A threshold of performance of 100 hip resurfacings separated low-volume from high-volume hospitals (http://www.njrcentre.org.uk/njrcentre/default.aspx).
Another conclusion drawn from the registries concerned THA and ASR © outcomes according to preoperative diagnosis. The yearly cumulative percent survival of patients with primary THA and a primary diagnosis of osteoarthritis in the Australian registry was 96.6% (96-97.2) at 10 years for resurfacing and only 74.5% (73.9-75.1) for THA.
In all six registries, the BHR © was the only implant that had a reduced risk of revision compared to THA. To date, the BHR © has exceeded 170,000 implantations since 1997 and still stands today as the global market leader (considered as the gold standard in resurfacing). In the European hip-resurfacing market, the BHR [19] .
Discussion
Hip resurfacing has evolved with recent trends and new perspectives. To avoid the problem of cement penetration into the femoral head, some authors have developed cementless femoral components. This has led to incomplete femoral seating, abnormal cement mantle thickness, thermal injury, bone necrosis, and femoral head collapse [14] . In fact, cement appears to be a weak link when long-term femoral component fixation is considered [16] . On the other hand, it is a shock absorber at the prosthesis/bone interface, absorbing the stiffness of metal alloys and harmoniously distributing weakness on bone [18] . Two types of cementless femoral devices have been developed according to this concept, the conventional cementless femoral components (Fig. 1 ) and the BMHR © (Birmingham mid-head resection (Figs. 2 and 3) ). The BMHR © is an alternative bone-conserving hip device for young and active patients who are unsuitable for conventional hip resurfacing [22] . For example, conventional resurfacing is not indicated in the presence of femoral head avascular necrosis and/or large femoral cysts. The BMHR © comprises resection through the middle of the head after necrotic bone removal. The remaining femoral bone is cone shaped. An uncemented stem is fitted to the neck and impacted with large metal-on-metal head diameter. Femoral component stability is assumed by the titanium stem with bone ingrowth. In a series of 164 patients (171 hips) performed by designer during 5 years with mean follow-up of 3.5 years, 4 revisions were observed (with 2 femoral failures). Survivorship was 97.4 and 98.7%, respectively, for revision for any reason and femoral failure [22] . Rahman et al. [25] found no failures in 35 consecutive procedures (34 patients) performed by an independent surgeon with mean follow-up of 2.8 years. These authors stated that the BMHR © is an excellent alternative to conventional THA in patients with poor femoral head bone quality who are unsuitable for standard resurfacing [25] .
In another series from an independent center, 49 BMHR © in 47 patients were analyzed with mean follow-up of 6 years [3] . Survivorship was 100% with excellent clinical scores, but 16% of hips presented neck osteolysis, which was strongly associated with pseudo-tumor. No differences in metal ion levels were observed between the osteolysis group and the rest of the cohort. These authors recommended annual clinical and radiological follow-up to avoid the occurrence of large osteolysis [3] . With neck-preserving implants, radiological analysis detected a characteristic pattern of proximal femoral bone loss, with distal cortical hypertrophy, and should be assessed with longer follow-up [26] . On the other hand, Itayem et al. [15] reported excellent stability of the BHMR , Gross and Liu [13] found excellent survivorship (98.5%). Moreover, when they compared cemented femoral components (740 cases) and cementless devices (1300 cases), they noticed better survivorship in the cementless group (99 versus 98% at 2 years) [13] . Experience with the Conserve Plus © cementless device confirmed this conclusion. In a series of 94 cementless Conserve Plus © implants in 90 patients with short follow-up of 13.1 [5, 11] (https://aoanjrr.dmac.adelaide.edu.au/en/annual-reports-2013; http://www.njrcentre.org.uk/njrcentre/default.aspx; http://www.nzoa.org.nz/nz-joint-registry) [7, 27] (http:// www.has-sante.fr/portail/upload/docs/evamed/CEPP) [14] months, survivorship was 100% [9] . Cementless Bfit and fillf emoral-side fixation should be considered for future resurfacing device production.
In recent years, numerous reports of adverse local tissue reaction have raised doubts in the orthopedic community about the benefits of metal-on-metal implants in resurfacing. To avoid complications with metallic ion release, other bearings must be contemplated. Ceramic-on-ceramic bearings were introduced by some authors [4, 20, 30] , but rapid failure occurred, and to date, they do not recommend this particular type of ceramic-on-ceramic bearing for hip resurfacing. Matharu et al. [20] described very early failure of five ceramic-on-ceramic hip resurfacings. The material incorporated in cup inserts was a ceramic composite with 2/3 polyurethane and 1/3 alumina-ceramic. All cases were revised because of dramatically elevated metallic ion levels. This finding was directly correlated with ceramic liner fracture and abnormal wear of ceramic femoral head coating [20] .
The situation was similar with a femoral component of cobalt-chrome (Co-Cr) and Bceramicized^coating [30] . The patient rapidly developed soft-tissue masses from metal allergy as ceramic-on-ceramic components were overlaid on metal bases (Bceramicization^) [4] . The risk of squeaking hips with large femoral ceramic heads appears to be too significant to recommend their inclusion [30] . Another bearing for conventional THA also seems to be used for resurfacing, a metallic femoral head with cross-linked polyethylene insert in a cementless cup. The problem of minimal polyethylene insert thickness needs to be addressed by much larger cups (10 mm more than head diameter) and Baggressive acetabular bone growth.^Some authors have, however, undertaken hip resurfacing with small, 4-mm-thick polyethylene implants (<49 mm). Prichett [24] reported 96% survivorship in a series of 160 resurfacings (144 patients with mean follow-up of 11.5 years). Medial acetabular wall thickness averaged 7.3 mm (1.5-14.9). Pritchett found a low rate of femoral head penetration and strongly suggested polyethylene for all femoral head sizes less than 48 mm [24] . Oxinium (oxidized zirconium) was indicated as a suitable alternative bearing [6] . This surface possibly combines the fracture resistance of metal with the wear resistance of ceramics. In vitro studies have demonstrated that oxinium/ polyethylene bearings for hip and knee implantation show perfect wear resistance (greater than that of Co-Cr) [12, 28] . Perhaps oxinium-on-oxinium bearings could be developed for hip resurfacing in a few years.
In conclusion, metal-on-metal hip resurfacing is not a new surgical procedure. Devices remaining on the orthopedic market have been followed in many clinical trials and multicenter series for more than 15 years. However, some changes must be made to improve the results, implant design, implant fixation, cup inclination, etc. To date, hip resurfacing is closely linked with metal-on-metal bearings. Thus, the manufacturing quality of these bearings must be precise for clearance, roughness, porous coating, carbide level, alloy resistance, and so on. New bearings have to be developed to minimize the potential side effects of metallic ion release.
